This study was conducted to determine if reproductive growth in cotton (Gossypium hirsutum L.) affects concurrent leaf development. Apparent photosynthesis (AP), stomatal conductance (Cs), soluble protein (SP), ribulose bisphosphate carboxylase (RuBisCO), and chlorophyll (Chl) were monitored in four main-stem cotton leaves which emerged at approximately 2 week intervals. The leaf which emerged during vegetative growth (48 days after planting) had higher AP, SP, and RuBisCO levels than that present in any leaves which emerged during fruit development. The last leaf studied (89 days after planting) was still present after boll maturation was completed and exhibited a rejuvenation in AP, SP, RuBisCO, and Chl starting at 30 days after leaf emergence. At 96 days after planting, the P700 Chl a-protein complex (PSI) was virtually absent from the leaves that emerged at 48 and 62 days after planting. The light harvesting Chi alb complex was still present in these leaves, indicating greater degradation of PSI. The data emphasize the influence of developing fruit on concurrently developing leaves, an effect which was alleviated after boll maturation was completed. The declining AP per unit leaf area and smaller leaf size at the top of the plant results in a reduced photosynthetic potential of successively later emerging leaves. This reduction in leaf AP is consistent with earlier reported seasonal canopy photosynthesis patterns.
In cotton (Gossypium hirsutum L.), photosynthesis reaches a climax prior to fruit maturation at both the node (5) and whole plant levels (5, 21) . This situation is caused by cotton's indeterminate growth pattern. Leaf expansion at a particular fruiting site prior to anthesis results in a carbohydrate deficiency at that particular fruiting position and requires the importation of photosynthate from a more remote source (5) .
Landivar et al. (11) suggested that extending leaf duration in cotton would increase plant productivity by maintaining an increased leaf area index later in growth. Constable and Rawson (4) found that the duration of cotton leaves which emerged during vegetative growth are not affected by plant position. It is not known, however, if leaves which emerge during different stages of plant growth (e.g. vegetative, reproductive) possess variable photosynthetic characteristics and/or periods of leaf duration. Such information is important because of cotton's perennial growth habit, which is expressed more fully in subtropical environments and allows continuous cycles of vegetative and reproductive growth. Senescence characteristics, therefore, should be quite different in cotton than in most annual species that are often utilized in leaf senescence studies (3, 8, 23) . This report will provide evidence for reduced protein and Chl concentrations in emerging leaves during boll development. After boll maturation, however, there is a previously unreported renewed synthesis of protein and Chl in mature leaves that is associated with greater AP2 per unit leaf area. This rejuvenation is suggestive of changing physiological processes associated with renewed vegetative growth following maturation of fruit from the current reproductive cycle.
MATERIAL AND METHODS Plant Culture. Seed of cotton (Gossypium hirsutum L., cv Stoneville 213) were planted on April 30, 1986 in Stoneville, MS. Plots consisted of two rows, 6 m long and spaced 1 m apart. The plots were thinned to 10 plants m-1 2 weeks after emergence. The plants were well watered by trickle irrigation, which was run at least once a week. Standard cultural practices including pest control were followed during growth. Prior to planting, 90 g N m2 was applied as urea and incorporated. Main stem (monopodial) leaves (5-10 cm-2) were tagged to identify the leaves that emerged on 48, 62, 75, and 89 DAP.
Photosynthesis Measurements. Photosynthesis, C, and T, measurements were made on tagged leaves at approximately weekly intervals beginning at 62 DAP and continuing until maturity. The measurements were made with a Li Cor, Inc., model LI-6000 Portable Photosynthesis System.3 This system is closed and utilizes the ambient conditions of the environment (e.g. CO2, relative humidity, temperature). A 4 L, hand-held chamber was used for the 30 s measurement periods. A thermocouple was in contact with the leaf on the abaxial side of the leaf. The measurements were made only when the PPFD was 1300 Amol m-2 s 1 or above. Ta was measured at a nearby location.
SLW and Leaf Area. Leaves were harvested on the same day as AP measurements were taken. After removal of leaf discs for determination of biochemical parameters, the leaf area was determined with a Li Cor, Inc., model LI-3000 area meter. The leaves were dried and weighed, and the SLW (dry weight per unit leaf area) was determined. (16) . The concentration of Chl a, Chl b, and total Chl was determined after the methods of McKinney (13) .
RuBisCO. RuBisCO was purified by grinding 20 g of glandless cotton leaf tissue in 20 ml of 0.1 M Tris-HCl (pH 7.6), 0.1 M Na2B407, 5 mM MgCl2, and 0.2% (w/v) ascorbate. The resulting brei was strained through Miracloth and centrifuged at 5000g for 10 min. Equal volumes of supernatant and reactive red agarose were reacted at 4°C for 1 h, and the proteins were eluted with 0.4 M NaCl in 50 mm Tris-HCl (pH 7.6) (JJ Burke, personal communication). Prior to reaction, the reactive red agarose (Sigma Chemical Co., St Louis, MO) was washed with both 4 M urea in 1% (v/v) Triton X-100 and 1 M NaCl, followed by equilibration with 10 volumes of grinding buffer. The fractions which absorbed strongly at 280 nm were collected and pooled. The pooled fractions were precipitated with (NH4)2SO4, resolubilized in 2 ml buffer, and dialyzed against 1 L of 50 mM Tris-HCl (pH 7.6) for 24 h at 4°C. During this time the buffer was changed three times.
The purified RuBisCO was judged pure by modified crossimmunoelectrophoresis (9) . The first dimension was SDS-PAGE (4% stacking, 10% resolving gel) followed by the second dimension into 1% (w/v) agarose containing 1% (v/v) anti-RuBisCO against spinach (Manzanita Immunochemicals, Orcale, AZ).
Antibody against cotton RuBisCO was produced in rabbit (PelFreez, Inc., Rogers, AR). Quantification was performed via radial immunodiffusion in 1% (w/v) agarose containing 1% (v/v) unpurified sera. Precipitated rings were visible after 48 h at 4°C.
A standard curve was routinely made using purified RuBisCO.
Western Blots. The specificity of the antibody was determined using Western blots of both cotton and spinach (Spinacia oleracea L.) leaf proteins. Leaf tissue (200 mg fresh weight) was ground in 1 ml buffer containing 62.5 mM Tris-HCl (pH 6.8), 5% (v/v) 3-mercaptoethanol, 2% (w/v) SDS, and 10% (v/v) glycerol. Following emersion in a boiling water bath for 5 min, the samples were centrifuged at 5000g for 5 min. Equal volumes of supernatant were applied to a 4% stacking SDS-PAGE gel overlaying a 10% resolving gel (5 Transferred proteins were used either to determine the protein pattern or to visualize the bands recognized by the anti-RuBisCO against cotton enzyme. The leaf proteins were stained with 0.1% (w/v) amido black in 20% (v/v) methanol and 7% (v/v) acetic acid for 10 min. Destaining was performed in the same solution minus amido black. Large subunit of RuBisCO was visualized using anti-RuBisCO as the 10 antibody (1:1000 dilution) and reacted for 1 h. The 2' antibody was goat anti-rabbit conjugated with alkaline phosphatase. Alkaline phosphatase was visualized using BCIP as chromogenic substrate after Leary etal. (12) . Only the large subunit of RuBisCO of both cotton and spinach showed antigenic properties (Fig. 1) .
Thylakoid LDS-PAGE. Thylakoid-enriched fractions were prepared after the methods of Vaughn (19) . Equal quantities of Chl were applied to an acrylamide gel with a 7 to 15% (w/v) linear gradient resolving gel and a 4% stacking gel. Electrophoresis was performed at 4'C as described by Laemmli (10) . Prior to staining with Coomossie blue stain, the positions of the Chlcontaining bands were identified and marked with small wires. The gels were repeated three times. Statistics. The treatments were grown in a randomized complete block design with five replications. The data were analyzed by analysis of variance, either within harvest date or at equivalent leaf age.
RESULTS
Leaf Size and SLW. The leaves that emerged after flowering were smaller ( Fig. 2A) , but had the highest SLW (Fig. 2B) . The 75 and 89 DAP leaves exhibited increasing SLW values, with the 89 DAP leaf increasing approximately 30% throughout the measurement period.
Photosynthesis, C5, and T,. The two largest AP rates were found in the 48 and 75 DAP leaves, respectively (Fig. 3A) . All leaves decreased in AP with increased age; however, the 89 DAP leaf reached its lowest AP rate at 118 DAP and increased thereafter. AP per unit leaf area was closely associated with C, values (Fig. 3, A and B) . Every date of measurement had significant correlation coefficients (r) of 0.85 or greater for the relationship between AP and C, (Table I) . T1 was measured during the AP measurements within the closed leaf chamber. T, closely reflected the changes in T. (Fig. 4A) .
No leaf position effect was found concerning T,. The T, was nearly 40'C or above at 91, 98, and 118 DAP and was negatively correlated to AP at 91 and 118 DAP (-0.69 and -0.81, respectively, significant at the 0.01 level of probability) ( Table I) . The lower T, at 105 DAP corresponded to an increase in AP and Cs at that date.
AP leaf-l declined to a greater extent than when expressed on a leaf area basis (Fig. 4B) . After 91 DAP, all leaves exhibited an AP leaf -less than 25 mg CO2 leaf-l h-'. Reduced rates were partially caused by the successively smaller leaves produced along the plant axis without concurrent increases in AP per unit leaf area (Fig. 2A) .
Flower counts were made to measure plant reproductive de- velopment (Fig. 4B ). There was a linear increase in flowers M-2 d -1 from about 60 to 85 DAP. The flowering activity declined as quickly as it increased and was completed by 110 DAP.
To better understand the effect of leaf emergence date on the relative ontogenic events, the data are presented at equivalent leaf ages (Table II (Table II) . Similarly, the 89 DAP leaf had at least 142 and 170% more soluble protein and RuBisCO than any leaf of equivalent age at 52 d after leaf emergence. These high concentra-tions of protein in the 89 DAP leaf occurred at an age when the concentration in other leaves was lowest. and 134% more Chl than the 48, 62, and 75 DAP leaves at 52 d after leaf emergence, respectively (Table II) . The Chl alb ratio decreased during leaf ontogeny regardless of the relative date of emergence (Fig. 6B) . Thylakoid LDS-PAGE. LDS-PAGE of enriched chloroplast thylakoid polypeptides were performed at 92 DAP (Fig. 7) . There was 85% less CPI apoprotein in the 48 DAP leaf than in the 89 DAP leaf as measured by densitometric scans of the gel photographs. The LHC apoprotein, however, remained stable and showed less loss (<50%).
DISCUSSION
The presence of growing fruit had a detectable effect on the development of leaves which emerged during boll development. The first leaf measured (48 DAP) emerged prior to anthesis and displayed greater AP, C., leaf area, soluble protein, and RuBisCO than any leaf which emerged after the onset of anthesis. The last leaf in the study (89 DAP) had a rejuvenation in AP and an accumulation of soluble protein, RuBisCO, and Chl after boll development had virtually ceased (about 120-125 DAP). In both the 48 and 89 DAP leaves, concurrent fruit growth was not present at some portion of the leaf's life. The absence of competing fruit coincided with the heightened photosynthesis of the 48 DAP leaf during early leaf development and the 89 DAP leaf during leaf senescence. In addition, the rejuvenation of the 89 DAP leaf, as evidenced by AP per unit leaf area, protein, and Chl occurs at a time when one would expect a deteriorating physiological status (e.g. late fruit development) in annual species which display monocarpic senescence (3, 8, 23) . Between 30 and 44 d after emergence, all leaves except the 89 DAP leaf had decreasing concentrations of Chl, soluble protein, and RuBisCO. During this period, the 89 DAP leaf had either sig- nificant increases or no change in the levels of these constituents. The data indicate that field-grown cotton leaves over 30 d old are capable of renewed synthetic capacity in response to appropriate internal stimuli.
The recovery within the 89 DAP leaf is indicative of cotton's perennial growth habit. The reemergence of new leaves on the cotton plant after reproductive growth is completed is a well known phenomenon (21) ; however, this is the first report of alterations occurring within mature leaves. While the recovery of protein and Chl levels was similar to changes in soybean (Glycine max L.) plants which had fruit physically removed (22) , declining concentrations of RuBisCO and synthesis of apparent storage polypeptides in depodded soybeans indicate a drastically altered physiology. Such changes were not found in this study. In addition, the reported depression of AP in response to depodding (15, 22) was unlike the increase in AP of the 89 DAP leaf. A possible explanation of these differences is the continued existence of an active vegetative sink for photosynthate in naturally maturing cotton plants after existing fruits have ceased development. Maturing cotton may provide a more natural system for examining hormonal changes associated with the transition from reproductive to vegetative growth than systems which employ more drastic physical source-sink manipulations (17) .
Decreasing AP rate in aging leaves is a well studied phenomenon (4,7) which was closely related to stomatal conductance in this experiment. Davis and McCree (6) Cs in aging bean (Phaseolus vulgaris L.) leaves was attributable to either the inability to maintain tugor or an adjustment to alterations in internal C02 demand.
The lower quantity of CPI apoprotein and relatively stable LHC apoprotein in successively older leaves measured on the same date are the first field observations which support data from aging soybean cotyledons in controlled environments (2) . The data indicate sequential disassembly of the stromal and granal thylakoids. Declining Chl alb ratios during aging agree with the preferential loss of PSI components; however, impinging light intensities at the various plant positions may be involved in the patterns observed. Similar alterations in Chl alb rations (3) and relatively stable 23 kD thylakoid proteins (18) have been reported in aging leaves of wheat and meadow fescue (Festuca pratensis Huds.), respectively.
Constable and Rawson (5) concluded that cotton's reproductive development is out of phase with AP capacity at both the node and plant levels. In this study, the declining trend in leaf photosynthetic capacity during reproductive development is related to smaller leaves and reduced AP efficiency of the later emerging leaves. This reduction in AP rates occurs prior to both the cessation in flowering and the period of carbohydrate demand associated with those bolls occurring after peak flowering. The reduction in AP of successively later emerging leaves would cause a reduction in plant AP as lower leaves abscise. This reduction is consistent with the findings of a 2 year study of canopy pho- (21) . Lower assimilatory capacity during later development is compatible with both the progressively reduced flower retention throughout anthesis (20) and the reduced dry weight of bolls at higher plant positions (14) . Further, the data indicate that the failure of canopy rates to reach zero at the end of a reproductive cycle is due to both the emergence of new leaves (21) and the eventual rejuvenation of later emerging leaves.
